The effects were studied of various carbohydrates and osmotic stress, created by high agarose or carbohydrate concentrations, on the regeneration of fertile plants from protoplast-derived colonies of several indies (IR43, Jaya, Pusa Basmati 1) and japonica (Taipei 309) rice varieties. Observations of the cultures developed on media containing one of these carbohydrates (cellobiose, fructose, glucose, lactose, maltose, mannitol, sorbitol or sucrose), each at 88 mM, indicated that maltose was the preferential carbon source for the proliferation of embryogenic callus and shoot regeneration. Maltose-containing medium induced shoot formation in 24-66% of the protoplast-derived tissues, depending upon the rice variety, compared to shoot regeneration from 4-32% of the tissues in sucrose-supplemented medium. Media containing 288 mM maltose or an equimolar combination of 88 mM maltose and 200 mM mannitol, caused water loss from calli and promoted the growth of embryogenic calli. These calli formed shoots with greater frequencies when subsequently transferred to shoot regeneration medium with 88 mM maltose. A medium containing 88 mM maltose and semi-solidified with 1.0% (w/v) instead of 0.5% (w/v) agarose had a similar beneficial effect on the growth of embryogenic calli and simultaneously supported high-frequency (48-55%) shoot formation. The optimum shoot regeneration frequencies (60-78%) were obtained when protoplast-derived colonies were serially cultured on to shoot regeneration medium containing 1.0% (w/v) agarose for 4 weeks, followed by a 2-week culture period on the same medium with 0.5% (w/v) agarose. Plants regenerated on medium containing maltose and/or 1.0% (w/v) agarose were phenotypically normal and fertile.
Introduction
Protoplasts have played a key role in increasing our understanding of cell biology, cell differentiation and in genetic manipulation involving somatic cell hybridization and gene transfer (Sink et al., 1992) . Strategies to improve plant regeneration from rice protoplasts have steadily evolved during the last decade (Ayres and Park, 1994; Lynch et al., 1991; Vasil, 1992) . In rice, explants that contain meristematic cells are found to express totipotency. Mature and immature zygotic embryos have been the most commonly used primary explants for the initiation of regenerable calli or suspension cultures (Ayres and Park, 1994) , while cell suspensions have proven best for isolating competent protoplasts from which fertile plants have been regenerated. Plants have been regenerated from rice protoplasts via either somatic embryogenesis or shoot organogenesis, followed by root developmentfrom single cells and produce plants at higher frequencies (Vasil, 1988) . Despite the vast amount of literature on rice tissue culture, it is often difficult to regenerate plants from protoplasts of economically important indicci rice varieties, especially those belonging to Varietal Group 1. In fact, the recalcitrant nature of Group 1 indicas has been realized as the major limiting factor for the transfer of available useful genes (Bartels and Nelson, 1994; Toenniessen, 1991) to the rice varieties of this Varietal Group.
A number of factors such as the plant genotype and explant, the composition of the culture medium including the amino acids, carbohydrates and growth regulators, the presence of nurse cells, and partial desiccation or water stress treatments, have been examined in attempts to improve the frequency of somatic embryogenesis and plant regeneration in rice (Abe and Futsuhara, 1984; Abdullah et al, 1986; Kyozuka et al., 1987 Kyozuka et al., , 1988 Lai and Liu, 1988; Peng and Hodges, 1989; Ozawa and Komamine, 1989; Datta et al., 1990; Peterson and Smith, 1991; Tsukahara and Hirosawa, 1992; Chowdhury et al., 1993; Ghosh Biswas and Zapata, 1993; Ranee et al, 1994; Jain et al, 1995) . In comparison, little attention has been given to the process of carbohydrate utilization in vitro or a comparison of the ability of different carbohydrates to support embryogenesis in cultured rice cells. Sucrose is the major carbohydrate synthesized by plants and it has been found to support optimal gain in fresh weight of cultured cells. Thus, in most cases, sucrose or its constituent monosaccharides, glucose and fructose, have been used in culture media as the carbon source to support cell growth and differentiation. However, several reports have indicated that sucrose may not be the most suitable carbohydrate for the induction of somatic embryogenesis and plant regeneration in cell cultures. For example, glucose has been shown to stimulate embryogenesis in wheat (Chu et al, 1990) , maltose increased somatic embryo formation and the frequency of green plant regeneration in alfalfa (Strickland et al, 1987) , wheat anther cultures (Last and Brettell, 1990; Navarro-Alvarez et al, 1994) , creeping bentgrass (Asano et al, 1994) , and indica rice protoplast-derived tissues (Ghosh Biswas and Zapata, 1993; Jain et al, 1995; Lentini et al, 1995) , while sorbitol stimulated the growth of embryogenic callus of maize (Swedlund and Locy, 1993) .
Carbohydrates are also known to function as osmotic regulators in tissue culture media and this function has been found to be critical for somatic embryo formation from cultured wheat anthers (Zhou et al, 1991; Ball et al, 1992) . Several reports have shown that carbohydrates, when used at elevated concentrations, stimulate plant differentiation in cultured cells. Thus, culture medium with a higher concentration of sucrose improved plant regeneration in maize (Lu et al, 1983) , media containing additional carbohydrates, such as mannitol or sorbitol, induced high-frequency shoot formation in longterm root and embryo-derived calli of rice (Kishor and Reddy, 1986) , while plasmolysis of cultured cells of wild carrot resulted in enhanced adventitive embryogenesis (Wetherell, 1984) . Lai and Liu (1988) reported that the inclusion of mannitol, or the use of a higher agar concentration in shoot regeneration medium, increased the plant regeneration frequency in the japonica rice variety TN5. These workers observed a close correlation between the shoot-forming ability of rice calli and the water status of the tissues. Enhanced plant regeneration has also been reported in partially desiccated rice callus (Tsukahara and Hirosawa, 1992; Ranee et al, 1994) . Collectively, these reports indicated the importance of osmotic stress in plant regeneration.
The observations reported in this paper relate, primarily, to the effects of various carbohydrates on the growth of embryogenic calli and plant regeneration from protoplast-derived colonies of the Group 1 indica rice varieties, IR43, Jaya and Pusa Basmati 1. Pusa Basmati 1 is a highly priced, fine grain and aromatic semi-dwarf rice variety cultivated in the North Western States of India. A japonica rice variety, which is considered to be highly responsive to shoot regeneration, has been used as a control. Particular attention has been given to changes in the water status of callus and plant regeneration frequency in response to the osmotic stress created by employing higher concentrations of maltose, mannitol or agarose in shoot regeneration media.
Materials and methods

Plant materials
Seeds of the rice varieties 1R43, Pusa Basmati 1 and Taipei 309 were provided by the International Rice Research Institute (IRRI), Manila, Philippines, while those of Jaya were obtained from the Punjab Agricultural University, Ludhiana, India. IR43 and Jaya belong to Varietal Group 1, classified on the basis of isoenzyme polymorphism (Glaszmann, 1987) . Pusa Basmati 1 was developed after several backcrosses of Basmati 370 (Group 5) with Group 1 parents and it belongs, essentially, to Group 1 (GS Khush, personal communication). Taipei 309 (a japonica rice variety) belongs to Group 6.
Cell suspensions of Lolium multiflorum were obtained from Dr E Guiderdoni (IRAT-CIRAD, Montpellier, France), and those of Oryza ridleyi were initiated and maintained as reported previously (Jain et al., 1995) .
Initiation and maintenance of rice cell suspension cultures
Calli were initiated from mature zygotic embryos of all four nee varieties on 0.5% (w/v) SeaKem agarose-solidified medium (FMC Byproducts) supplemented with 2.5 mg I" 1 2,4-D (LS2.5) (Linsmaier and Skoog, 1965) . Cell suspension cultures were initiated by transferring 1.0 g fresh weight of callus to 30 cm 3 liquid medium, as described earlier (Jain et al., 1995) . Different media were used for initiating suspension cultures of indica (IR43, Jaya, Pusa Basmati 1) and japonica (Taipei 309) rice varieties, as reported earlier (Abdullah et al., 1986; Ghosh Biswas and Zapata, 1993; Jain et al., 1995) . For Taipei 309, the amino acid medium designated AA2 (Abdullah et al., 1986) , containing 2.0 mg I" 1 2,4-D, was used for the initiation as well as maintenance of cell suspensions. R 2 medium (Ohira et al., 1973) , modified by replacing sucrose with 3.0% (w/v) maltose and adding 560 mg I" 1 L-proline (Ghosh Biswas and Zapata, 1993; Jain et al., 1995) , was used for establishing cell suspensions of indica rice varieties.
The cultures were maintained on a rotary shaker at 80 rpm in the dark at 26 °C. Cell suspensions were maintained by weekly subculture using a 1:3 (v/v) inoculum: fresh medium ratio. Cell suspensions of IR43 and Pusa Basmati 1 were about 6 months old, while those of Jaya and Taipei 309 were 12 and 18 months old, respectively, at the time of conducting these experiments. Cell suspensions of Taipei 309 were also re-established from cryopreserved cells (Lynch et al., 1994) . The age of Taipei 309 cell suspensions at the time of cryopreservation, duration of cryopreservation and the time required to re-establish the actively growing cell suspensions were 6, 9 and 3 months, respectively.
Protoplast isolation and culture
Protoplasts of all rice varieties were isolated and cultured essentially as described by Jain et al. (1995) . Protoplasts were cultured in 200 ^1 aliquots of liquid KPR medium (Abdullah et al., 1986 ) containing 1.0 x 10 5 protoplasts, on the surface of 47 mm diameter, 0.2 ^m pore size, cellulose nitrate filter membranes, overlying KPR-agarose medium with immobilized feeder cells. After 3 weeks, membranes with overlying protoplast-derived cultures were transferred to the surface of agarosesolidified LS2.5 medium and incubated in the dark for 4 more weeks. The colonies that formed after 7 weeks on these membranes were used for shoot regeneration experiments.
For nurse cultures, cell suspensions of Lolium multiflorum (6 years old, non-embryogenic) were used for protoplast culture of IR43 and Taipei 309, while Oryza ridleyi cell suspensions (2 years old, non-embryogenic) were used for Jaya and Pusa Basmati 1, based on earlier work (Jain et al., 1995) . Cell suspensions of L. multiflorum and O. ridleyi were maintained by weekly subculture in N6 (Chu et al., 1975) and MS2 (Murashige and Skoog, 1962 ) media with 2.0 mg I" 1 2,4-D, respectively, essentially as described for rice cell suspensions.
Plant regeneration
Two series of experiments were conducted to investigate the effects of carbohydrates on plant regeneration from protoplastderived colonies of rice. Colonies were randomly transferred, without making any selection based on their embryogenic appearance, to 9.0 cm diameter Petri dishes containing 25 ml of a modified MS medium supplemented with 2.0 mg I" 1 kinetin and 0.5 mg I" 1 NAA. The regeneration medium was semisolidified with 0.5% (w/v) SeaKem agarose unless otherwise specified.
Experimental series I
To compare the effects of different carbohydrates, one of the following eight carbohydrates; namely, cellobiose, fructose, glucose, lactose, maltose, mannitol, sorbitol or sucrose, was used at 88 mM as the sole carbohydrate source in regeneration medium. The regeneration medium containing 88 mM sucrose (designated as MSKN) served as the control medium. For one experiment, two replicate Petri dishes, each with 40 protoplastderived colonies, were used per medium treatment and the results averaged. The experiment was repeated at least three
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times, and data shown are the per experiment mean ± standard error. Cultures were incubated at 26 °C in the dark for 2 weeks and then transferred to the light (55/xmol m~2 s" 1 , daylight fluorescent tubes, 16 h photoperiod) for 2 weeks. The embryogenic nature of callus was evaluated on the basis of visual observations (Abe and Futsuhara, 1985; Ozawa and Komamine, 1989) . Small, nodulated, opaque and white-tocream coloured calli were treated as embryogenic calli, while the fast-growing, loose and crystalline calli were scored as nonembryogenic calli. The embryogenic nature of the calli was later confirmed by their ability to form shoots. Data on percentage increase in fresh weight and percentage shoot regeneration were recorded using the same dishes after 4 weeks of incubation. Shoot regeneration frequency was calculated as the percentage of protoplast-derived colonies forming shoots.
Experimental series II
The regeneration medium containing 88 mM maltose and semisolidified with 0.5% (w/v) SeaKem agarose (MSKNM) was used as the control. The medium was also modified by the addition of 200 mM mannitol, or by increasing the agarose concentration from 0.5% to 1.0% (w/v). Protoplast-derived colonies of IR43, Pusa Basmati 1 and Taipei 309 were transferred to these media in 9.0 cm Petri dishes. The number of protoplast-derived colonies per replicate per medium remained the same as in Experimental series I. The dishes were incubated at 26 °C in the dark for 2 weeks and then transferred to light (55 /j.mol m~2 s~\ daylight fluorescent tubes, 16 h photoperiod) for another 2 weeks. After 4 weeks, the calli were transferred to the control regeneration medium (MSKNM) and incubated in light for 2 weeks. Data on per cent shoot regeneration were recorded after 4 and 6 weeks of total incubation. The percentage water content of callus was determined after 4 weeks of incubation from the difference between fresh and dry weights, divided by fresh weight. Dry weight was obtained after placing the callus in a ventilated oven at 80 °C for 24 h.
Shoots were transferred individually to rooting medium (0.25% (w/v) phytagel-solidified MS medium with 1.5 mg I" 1 NAA) from the media containing 88 mM maltose and/or 1.0% (w/v) agarose and, 4 weeks later, they were transferred to pots in the glasshouse as described by Jain et al. (1995) . Ten seedgrown plants of each of the four rice varieties were also raised to maturity in the glasshouse, alongside their protoplast-derived counterparts for comparisons of plant growth and fertility.
Results
Effects of carbohydrate source on callus growth and plant regeneration
Comparison of fresh weight increase of protoplast-derived colonies of the rice varieties IR43, Jaya, Pusa Basmati 1 and Taipei 309, transferred to shoot regeneration media with eight different carbohydrates, demonstrated that sucrose supported the largest gain in callus fresh weight (Table 1) . Callus growth declined when sucrose was replaced with maltose, glucose, or cellobiose in the regeneration medium. Fructose-containing medium supported some callus growth in Jaya and Pusa Basmati 1, but caused complete cessation of tissue growth and necrosis in IR43 and Taipei 309. Media with lactose, mannitol, or sorbitol supported limited growth, or failed to induce any measurable increase in callus fresh weight.
Observations on callus morphology and the shoot regeneration response of protoplast-derived tissues on media with different carbohydrates showed maltose to be the preferential carbon source for both the proliferation of embryogenic callus and shoot regeneration in all of the rice varieties evaluated. After 2 weeks, the calli growing on maltose-containing regeneration medium were white to cream in colour and almost entirely embryogenic. Subsequently, these cultures exhibited the highest shoot regeneration frequencies (Table 2 , last column). Maltosesupplemented medium induced shoot formation in 24-66% of the protoplast-derived calli, depending upon the rice variety, compared to 4-32% shoot regeneration in sucrose-supplemented medium. Colonies growing on maltose medium also produced more shoots; the number of shoots per regenerating colony varied between 4 and 26 (data not shown). Of the other carbohydrates, glucose induced shoot regeneration in 24-51% of protoplastderived tissues of Taipei 309, compared to 0-20% in three indica rice varieties. Whereas fructose failed to support regeneration in Taipei 309 and IR43, it induced shoot regeneration in 23-25% of the protoplast-derived colonies of Jaya and Pusa Basmati 1.
Effects of maltose, mannitol and agarose on callus water content and shoot regeneration
The water content of callus decreased when the carbohydrate concentration in the medium was increased from 88 mM to 288 mM, by including mannitol at 200 mM, or by using 1.0% (w/v) agarose instead of 0.5% (w/v) for medium solidification (Table 2 , column C). The reduction in water content was greater in mannitol-supplemented medium. The calli growing on medium with 1.0% (w/v) agarose compared with 0.5%, or on medium with higher concentrations of carbohydrates, were relatively drier and compact in morphology.
Regeneration medium containing an additional 200 mM maltose or 200 mM mannitol, promoted the growth of embryogenic calli as determined by visual observations, but reduced the frequency of shoot formation from protoplast-derived tissues of IR43, Pusa Basmati 1 and Taipei 309 (Table 2 , column D). However, higher shoot regeneration frequencies were obtained when these calli were subcultured on to MSKNM medium containing 88 mM maltose (Table 2, last column). Similarly, the regeneration medium solidified using 1.0% (w/v) instead of 0.5% (w/v) agarose increased the shoot regeneration frequency in all three varieties. Compared with those grown on 0.5% (w/v) agarose, calli grown on medium with 1.0% (w/v) agarose showed a higher frequency (48-55%) of shoot formation after 4 weeks (Table 2, column D); these calli also regenerated a larger number of shoots (data not shown). Some of the calli growing on 1.0% agarose medium, which did not form shoots, were embryogenic and developed shoots at higher frequencies when subcultured on to 0.5% agarosesolidified MSKNM medium (Table 2, last column). Thus, the shoot regeneration frequencies increased to 60-78% when recorded after 6 weeks. with carbohydrate and agarose concentration fresh weight 'After 4 weeks of culture on media with carbohydrate composition and agarose concentration descnbed in columns (A) and (B), calli with or without shoots were transferred to the 0.5% agarose-solidified MSKNM medium with 88 mM maltose for 2 more weeks.
Plant fertility
A total of 163 plants regenerated from protoplast-derived IR43, Jaya, Pusa Basmati 1 and Taipei 309 were transferred to the glasshouse and grown to maturity. Most of these plants were morphologically similar to seed-grown plants. All of the plants of the three indica rice varieties flowered and set seed within 120-175 d of transplanting into pots. In some of the protoplast-derived IR43 and Pusa Basmati 1 plants, the number of seeds formed was fewer compared to the seed-grown control plants. Of the 40 protoplast-derived Taipei 309 plants grown in the glasshouse, 32 plants flowered of which 26 set seed. Similarly, seed set was observed in only six of the ten seed-grown plants of Taipei 309. Albino plants were not obtained from protoplast-derived tissues in any of the experiments.
Discussion
Several carbohydrates, in addition to sucrose, are translocated and metabolized in plants (Loescher, 1987) , but little information is available regarding the effect of carbohydrates on in vitro embryogenesis and plant regeneration in cereals. From studies utilizing a wide range of carbon sources, it was observed that sucrose was most effective in supporting the growth of cell cultures of maize endosperm (Straus and LaRue, 1954) and those of sugarcane (Nickell and Maretzki, 1970; Maretzki et al., 1974) . However, several reports indicate that the carbohydrate source can influence the degree and type of differentiation, and thus the efficiency of plant regeneration (Strickland et al, 1987; Chu et al, 1990; Ghosh Biswas and Zapata, 1993; Swedlund and Locy, 1993; Navarro-Alvarez et al, 1994; Jain et al., 1995) .
The results presented in this paper indicate that maltose supports the growth of embryogenic callus and highfrequency shoot formation in several rice varieties, including Group 1 indicas. Callus growth rates were relatively higher in sucrose-containing medium. With maltose, there was less callus growth than with sucrose. However, a higher percentage appeared embryogenic as judged by the frequency of shoot regeneration. Non-embryogenic types of calli were found to grow faster and to overgrow the embryogenic callus, resulting in low frequencies of plant regeneration. In fact, glucose and fructose, respectively, proved to be preferable to sucrose for shoot regeneration in the japonica rice variety Taipei 309 and in the two indica rice varieties, Jaya and Pusa Basmati 1. Maltose alone, or in combination with sucrose, had beneficial effects on plant regeneration from protoplast-derived cultures of Group 1 indica rice varieties (Ghosh Biswas and Zapata, 1993; Jain et al., 1995) . Glucose showed a similar stimulatory effect on wheat androgenesis (Chu et al., 1990) . It seems plausible that the balance of metabolic processes is sub-optimal for embryogenesis and plant differentiation when rice calli are grown on sucrose, and that a more optimal situation arises when cultures are maintained on medium containing maltose or combinations of maltose and other carbohydrates. Swedlund and Locy (1993) reported the stimulatory effect of sorbitol on the growth of embryogenic callus in maize and detected a higher level of sorbitol dehydrogenase activity in embryogenic calli. In contrast, protoplast-derived cultures of IR43, Jaya, Pusa Basmati 1 and Taipei 309, failed to grow on shoot regeneration medium containing sorbitol or mannitol as the sole carbohydrate source. Kishor and Reddy (1986) observed that media containing sorbitol or mannitol alone were unable to support growth in rice cultures. The inability of cell cultures to utilize these carbohydrates could be due either to reduced uptake of these carbohydrates or the absence of sugar-alcohol metabolizing enzymes in these rice varieties.
Maltose is superior to the other carbohydrates for plant regeneration in rice. The question arises as to how it differs from other sugars in inducing plant regeneration in these cell cultures. Sugars function as both a carbon source and as an osmotic regulator in culture media. Cell growth depends on carbon utilization for the formation of major cell components and as an energy source. The superiority of maltose over sucrose for the initiation of somatic embryos and for green plant production from wheat anthers has been explained as an effect of medium osmolality (Zhou et al., 1991) . Last and Brettell (1990) and Navarro-Alvarez et al. (1994) observed that sucrose in the wheat anther culture medium is rapidly hydrolysed to fructose and glucose, increasing the medium osmolality. Hydrolysis of maltose in barley anther cultures was about 20-fold less than that of sucrose (Roberts-Oehlschlager et al., 1990) , while Navarro-Alvarez et al. (1994) observed almost no decline in maltose concentration of the medium during the first 24 d of wheat anther culture. Further biochemical studies will be necessary to understand the stimulatory effect of maltose on plant regeneration in rice tissues.
Osmotic stress induced by higher concentrations of carbohydrates, such as sucrose, sorbitol or mannitol, by increased concentrations of a gelling agent, or by partial dehydration, have been reported to be beneficial for plant regeneration in rice (Kishor and Reddy, 1986; Lai and Liu, 1988; Tsukahara and Hirosawa, 1992; Ranee et al., 1994) . Mannitol and sorbitol act mainly as osmotic regulators and, unlike sucrose or maltose, neither support in vitro callus growth nor are metabolized in most higher plants (Maretzki et al., 1974; Kishor and Reddy, 1986) . In the present study, the use of maltose at 288 mM instead of 88 mM, or an equimolar combination of 88 mM maltose and 200 mM mannitol in shoot regeneration medium, reduced callus growth and water content, making the tissues more compact and embryogenic. These calli, when transferred to the mannitol-free regeneration medium with 88 mM maltose, formed shoots with greater frequencies compared to calli not cultured on media with higher carbohydrate(s) concentrations. A similar stimulatory effect of mannitol on plant regeneration from mature embryo-derived calli of japonica rice varieties has been reported by Lai and Liu (1988) . They also observed a correlation between reduction in water content of rice calli and plant regeneration ability. In the present experiments, it has been shown that it is also true for indica rice varieties, including Pusa Basmati 1. An increase in shoot regeneration frequency was observed following reduction in cell water content, but the increase in shoot formation was not proportional to the decrease in water content. Medium with 88 mM maltose and 1.0% (w/v) agarose maintained a cell water content of 87-88% and ultimately induced shoot regeneration in 60-78% of protoplast-derived colonies. In contrast, mannitolsupplemented medium with 0.5% (w/v) agarose maintained a cell water content of 79-81% and induced only 38-54% shoot regeneration. Agarose at a higher concentration, by virtue of its increased gelling effect on the medium, is likely to decrease the water potential of the medium which, in turn, may limit water uptake by tissues. As a result, the tissues growing at the higher agarose concentrations were drier and more compact. This condition may also improve the oxygen supply to embryogenic cells.
It is not clear how osmotic stress or reduction in cell water content influence the process of somatic embryogenesis and plant regeneration. Wetherell (1984) suggested that the osmotic stress may disrupt the plasmodesmatal connections between the pre-embryonic cells, thus making the cells physiologically isolated and allowing a greater number of cells to differentiate. Water-stressed plants are known to have higher abscisic acid (ABA) biosynthetic activity and ABA content. Brown et al. (1989) reported ABA-mediated stimulation of somatic embryogenesis in wheat. Clearly, further studies are required to investigate the role of osmotic stress in plant morphogenesis. 
